The dynamic control of energy metabolism is dependent on balancing energy demand with energy supply. In mammals this balance is maintained through the integration of many different cytokine signals that communicate the nutrient status of the organism to the hypothalamus, liver and skeletal muscle. Adipose tissue and resident macrophages secrete many of these cytokine factors including leptin, tumour necrosis factor α, adiponectin, interleukin-6 and resistin. Other secreted factors including ciliary neurotrophic factor and ghrelin have also been shown to regulate energy metabolism. The AMP-activated protein kinase (AMPK) has emerged as an important integrator of these cytokine signals regulating both central and peripheral pathways controlling food intake, energy expenditure and substrate utilization and as such is the focus of this review.
ABSTRACT
The dynamic control of energy metabolism is dependent on balancing energy demand with energy supply. In mammals this balance is maintained through the integration of many different cytokine signals that communicate the nutrient status of the organism to the hypothalamus, liver and skeletal muscle. Adipose tissue and resident macrophages secrete many of these cytokine factors including leptin, tumour necrosis factor α, adiponectin, interleukin-6 and resistin. Other secreted factors including ciliary neurotrophic factor and ghrelin have also been shown to regulate energy metabolism. The AMP-activated protein kinase (AMPK) has emerged as an important integrator of these cytokine signals regulating both central and peripheral pathways controlling food intake, energy expenditure and substrate utilization and as such is the focus of this review.
INTRODUCTION
The epidemics of obesity, insulin resistance and type 2 diabetes has led to a dire need for a greater understanding of mechanisms regulating energy intake, energy expenditure and insulin sensitivity. The findings over the past several decades that cytokine signals play an essential role in regulating body mass and insulin sensitivity has been critical for understanding the causes and consequences of over nutrition. At the forefront of discoveries in this area are recent findings that the AMPactivated protein kinase (AMPK), is a key node integrating cytokine signals to control appetite, energy expenditure and substrate utilization. AMPK regulates whole-body energy metabolism through direct effects on gene transcription and key metabolic enzymes in both peripheral and central pathways In this review we will discuss the role of adipocytes and macrophage secreted proteins (leptin, TNFα, adiponectin, interleukin-6 and resistin) as well as other factors including ciliary neurotrophic factor (CNTF) and ghrelin and their effect on AMPK signalling in the hypothalamus, liver, skeletal muscle and adipose tissue.
REGULATION OF AMPK ACTIVITY BY UPSTREAM KINASES AND PROTEIN PHOSPHATASES
AMPK activity is dependent on the phosphorylation of Thr172 in the activation loop of the α subunit by upstream kinases. In the past several years three upstream kinases have been identified as LKB1 (1-3), Ca2+/calmodulin-dependent protein kinase (CaMKK) (4-6) and transforming growth factor beta activated kinase (TAK1) (7) In skeletal muscle the activity of AMPK appears to be primarily dependent on LKB1 as genetic deletion of LKB1 in muscle results in a marked decrease in AMPK Thr172 phosphorylation (8, 9), reduced exercise capacity (10) and an inability of both AICAR and contraction to stimulate glucose uptake (8) Genetic deletion of LKB1 in liver also results in a dramatic loss of AMPK and ACC phosphorylation suggesting that like skeletal muscle LKB1 is the principal upstream kinase regulating AMPK activity both basally and in response to metformin in the liver (11) In the brain however, CAMKK is highly expressed suggesting that the central regulation of AMPK may be very sensitive to regulation by calcium (4) The tissue specific roles that individual upstream kinases may play in the complex regulation of AMPK by phosphorylation remain to be fully elucidated.
Binding of AMP to AMPK γ subunits has been suggested to result in a conformational change promoting phosphorylation of the α subunit on Thr172, presumably because the conformational change makes the phosphorylation site more accessible to upstream kinases (12) Recent crystal structures do not necessarily support this hypothesis but it should be noted that these structures have lacked the full enzyme complex (13-15) AMPK can also be readily de-phosphorylated in vitro by protein phosphatise 2C (PP2C), however, this effect is blocked by increasing AMP concentrations suggesting this may also be critical for the regulation of AMPK phosphorylation/activity (16, 17)
ROLE OF AMPK IN REGULATING SKELETAL MUSCLE METABOLISM
In obesity, defects in both glucose and fatty acid metabolism and mitochondrial density/function contribute to the development of skeletal muscle insulin resistance (18) AMPK plays a critical role in regulating skeletal muscle metabolism (for review see (19, 20) ) AMPK activation results in increasing rates of skeletal muscle fatty acid oxidation through a mechanism involving phosphorylation of acetyl-CoA carboxylase (ACC) (21) and potentially malonyl-CoA decarboxylase (MCD) (22), leading to reduced content of malonyl-CoA and increased long-chain fatty acyl CoA flux into the mitochondria via carnitine palmitoyl transferase-1. AMPK activation also inhibits triglyceride lipase activity (23) and triglyceride synthesis (24) through phosphorylation of hormone sensitive lipase (HSL) (25) and sn-glycerophosphate acyl transferase (GPAT) (24), respectively. Skeletal muscle glucose uptake is regulated by AMPK through a mechanism involving the phosphorylation of Akt substrate of 160 kDa (AS160) (26-28) and may improve skeletal muscle insulin sensitivity through phosphorylation of insulin receptor substrate (IRS) 1 (29) Lastly, AMPK is important for mitochondrial biogenesis (30-34) which may be mediated through direct phosphorylation of peroxisomeproliferator activated receptor γ coactivator 1α (PGC1α) (35) Given the central role of AMPK in regulating muscle metabolism, it is somewhat surprising then that the genetic disruption of AMPK signalling in mice with muscle specific over expression of an AMPKα2 dominant negative (36) or AMPKα2 (37) and γ3 (38) null deletion does not directly result in muscle insulin resistance, under low-fat dietary conditions, suggesting that either AMPK is not essential for substrate metabolism under basal conditions or that alternative signalling pathways may have developed to regulate glucose and fatty acid metabolism in these mice models.
HEPATIC GLUCOSE PRODUCTION AND AMPK
The regulation of hepatic glucose production is central for the maintenance of glucose homeostasis during fasting and refeeding. Fasting markedly upregulated AMPK activity in the liver and is associated with significant suppression of ACC activity (39), effects that were also observed in response to changes in insulin (40) Subsequent studies in rat hepatoma cells have showed that AMPK activation can repress the transcription of two key gluconeogenic enzymes, phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) (41) The repression of key gluconeogenic enzymes by AMPK is dependent on AMPK phosphorylation of Ser171 of the transducer of CREB activity 2 (TORC2), which blocks TORC2 nuclear translocation and thereby prevents CREB dependent transcription of PEPCK and G6Pase (42) In support of this role for AMPK, AMPK α2 knockout mice display fasting hyperglycemia, glucose intolerance and increased hepatic glucose output although this appears to be largely due to increased α-adrenergic signalling (37, 43) Similarly, LKB1 null mice are also hyperglycaemic and exhibit increased mRNA expression of gluconeogenic enzymes although since this phenotype appears to be more severe then the AMPKα1α2 liver specific null mice it is currently not clear whether this effect is due to non specific effects of LKB1 independent of AMPK (11) Taken together though these data to support and important for liver AMPK in the regulation of hepatic glucose production.
CENTRAL REGULATION OF APPETITE BY AMPK
While most research to date has focused on mechanisms mediating AMPK activity in peripheral tissues such as skeletal muscle and liver, more recently a critical role of AMPK as a regulator of food intake has become apparent. Hypothalamic AMPK is tightly regulated under physiological conditions; fasting increases AMPK activity and refeeding inhibits AMPK activity. In elegant experiments where adenovirus encoding dominant negative (DN) and constitutively active (CA) mutations of AMPK were injected into the ventral medial hypothalamus, Minikoshi et al. (44) showed that a CA-AMPK increased body weight and food intake while a DN-AMPK had the opposite effect. Under fed conditions a CA-AMPK increased expression of arcuate neuropeptide Y (NPY) and agouti related peptide (AgRP) leading to hyperphagia while a DN-AMPK prevented feeding and the expression of NPY and AgRP during fasting. Lee et al. (45) provided a possible mechanism for these findings in a neuroblastoma cell line by showing that the modulation of cellular ATP and therefore AMPK by glucose, 2-deoxyglucose, pyruvate or ATP synthesis inhibitors also altered the expression of AgRP. Similarly, the fatty acid synthase inhibitor C75 was also found to suppress AMPK activity and NPY expression in the arcuate nucleus an effect that was reversed in the presence of the AMPK activator AICAR (46) Additional anorexigenic signals namely, insulin, glucose and refeeding also suppress AMPK activity in the brain, whilst the appetite-stimulating agouti related protein activates hypothalamic AMPK (44) It is currently unclear whether AMPK effects on neuropeptide expression are mediated directly or whether this is an indirect effect since alterations in hypothalamic fatty acid oxidation mediated via AMPK would be anticipated to alter both malonyl-CoA and hypothalamic fatty acyl-CoA contents (47) Alternatively, since fatty acyl-CoA allosterically activates AMPK increasing fatty acid oxidation (48) it remains possible that the infusion of fatty acids into the brain may stimulate appetite in an AMPK dependent manner. Future studies are required to determine whether the effects of AMPK signaling on orexigenic peptide expression are direct or act through changes in fatty acyl-CoA content.
ADIPOKINES AND AMPK: HISTORICAL BACKGROUND AND INTRODUCTION
Nearly 55 years ago Kennedy hypothesized about the presence of a circulating, lipostatic, negative feedback signal which acted centrally to alter energy expenditure and food intake (49) Parabiosis experiments the following decade confirmed the presence of such a circulating factor and identified mouse mutations that lacked the lipostatic signal (ob/ob mice) or caused insensitivity to the signal (db/db mice) (50) It would take another forty years before this lipostatic factor was identified as being the protein product of the ob gene named leptin (from leptos, for thin) (51) It was subsequently discovered this protein rapidly reduced body mass and restored euglycemia in ob/ob mice (52-54) Around the same time another group was also laying the foundation for a new paradigm that in obesity, adipocytes could also secrete the inflammatory factor tumour necrosis factor α (TNFα) which would cause systemic insulin resistance (55, 56) These seminal discoveries, established the adipocyte as an endocrine organ which communicates changes in adipose mass and energy status to other organs such as the brain, skeletal muscle and liver to ultimately regulate whole body energy metabolism. The remainder of the review will be focused on how regulation of AMPK by the adipokines such as leptin, adiponectin, IL-6, TNFα and resistin and other factors such as CNTF and ghrelin control substrate utilization, appetite and energy expenditure in both central and peripheral pathways.
LEPTIN
Leptin signalling in the hypothalamus is essential for the regulation of body mass and neuroendocrine homeostasis (57) These effects are attributed to the binding of leptin to the long form of the leptin receptor (LRb) and the phosphorylation of tyrosine 1138 (58) within hypothalamic nuclei, which regulate food intake and energy expenditure. Contrary to the situation in muscle, leptin administration results in suppression of AMPK activity in the paraventricular and arcuate sections of the hypothalamus (44) The effects of leptin on AMPK signalling in the brain appear to be downstream of the MC receptor as icv administration of the MC4 receptor agonist, MT-II, inhibits AMPK activity in the paraventricular nucleus, while both refeeding and leptin fail to inhibit hypothalamic AMPK activity in MC4 receptor knockout mice (44) Leptin's effects on metabolism are not limited to the hypothalamus as almost all tissues examined express leptin receptors (59) Leptin acts directly in isolated skeletal muscle to increase fatty acid oxidation (60) in an AMPK-dependent manner (61) , and this process appears to involve an increase in the AMP:ATP ratio. The acute activation of AMPK is limited to α2 containing heterotrimers (62) in oxidative muscle fibres (61) In addition to the direct activation of leptin in skeletal muscle, there is also a delayed action of leptin that requires inputs from the central nervous system (CNS) The CNS-mediated activation of AMPK involves the stimulation of α-adrenergic signalling (61) and is dependent on the melanocortin (MC) system since intracerebroventricular (icv) delivery of an MC4 receptor antagonist inhibits leptin activation of AMPK in skeletal muscle while a melanocortin agonist directly increases AMPK signalling in muscle (63) Since α-adrenergic receptors couple to G proteins and activate CAMKK signalling, it is possible that the chronic effects of AMPK activation in skeletal muscle are mediated through CAMKK signalling. Conversely, the acute effects of leptin alters the AMP:ATP ratio and may be dependent on reducing PP2C dephosphorylation of Thr172. Future studies are required to delineate the upstream pathways mediating the acute and chronic effects of leptin on AMPK signalling and to understand. A second important question is how leptin mediates opposite effects on AMPK, activating in muscle but suppressing in hypothalamus an effect which may be related to different upstream AMPK kinase expression, which in skeletal muscle primarily is dependent on LKB1, while in the hypothalamus more likely involves CAMKKβ.
Chronic leptin treatment is believed to help reverse insulin resistance independent of caloric restriction by reducing lipid storage in skeletal muscle and liver (64) We have shown that chronic leptin administration increases skeletal muscle AMPK α and β expression (65) and fatty acid oxidation (66) There is also evidence in cultured myotubes that AMPK activation by leptin increases AMPKα2 nuclear translocation and results in PPARα transcription (62) In the liver while leptin dramatically reduces lipid storage this effect does not appear to be dependent on the activation of AMPK (67) Chronic adenovirus-induced hyperleptinemia rapidly reduces adipocyte size and mass, induces mitochondrial biogenesis and concomitantly increases AMPK Thr-172 phosphorylation (68, 69) Whether AMPK is required for leptin induced mitochondrial biogenesis and transforming adipocytes into fat-burning cells is currently unknown. In summary, while it is commonly believed that these insulin sensitizing effects of leptin are mediated through AMPK effects, direct evidence in genetic models of AMPK deficiency are required to validate this hypothesis.
Despite the pronounced effects of leptin in models of leptin deficiency (53) or lipodystrophy (70), rodents fed a high-fat diet are resistant to the effects of leptin (71) and recombinant leptin infusion has minimal effects on body mass and food intake under these conditions (72) Skeletal muscle leptin resistance develops following high-fat feeding in rodents (73) and is also prevalent in obese humans (74, 75) The development of leptin resistance in obese skeletal muscle is characterized by suppressed rates of leptin stimulated AMPK signalling (75-78) Similarly, high fat feeding inhibits the ability of leptin to suppress hypothalamic AMPK signalling (78, 79) Two important mediators of leptin resistance are the suppressor of cytokine signalling 3 (SOCS3) (80) and the protein tyrosine phosphatase 1B (PTP1B) (81, 82) SOCS3 is a member of a family of proteins (SOCS1-SOCS7, and CIS) in which their central SH2 domains bind to phosphotyrosine residues in cytokine receptors (83) Initial studies by Bjorbaek et al. (80) demonstrated that inhibition of leptin signalling via the signal transducer and activator of transcription (STAT)-3 in hypothalamic nuclei was mediated by SOCS3 binding of Tyr985 of the leptin receptor (84, 85) Both SOCS3 hypothalamic specific null mice (86) and SOCS3 mice with haploinsufficiency (87) have enhanced leptin sensitivity and are resistant to dietinduced obesity. SOCS3 is also up-regulated in skeletal muscle with high-fat feeding (88) and is associated with leptin resistance (89) Moreover, the over-expression of SOCS3 via adenovirus-mediated infection in skeletal muscle cells, to a similar degree as observed in skeletal muscle of mice fed a high-fat diet (88), or in obese humans (89) , inhibited leptin but not AICAR activation of AMPK α2 activity (89) These data demonstrate that SOCS3 inhibits leptin activation of AMPK and suggest that the down-regulation of leptin signalling in skeletal muscle may contribute to the aberrant regulation of fatty acid metabolism. This paradigm requires experimental support in vivo. It also appears as though blunted leptin signalling to AMPK in the hypothalamus may contribute to hyperphagia as elevated hypothalamic AMPKα2 activity in diabetic rats was associated with elevated NPY and suppressed POMC mRNA, whereas these effects were reversed with pharmacological AMPK inhibition (90).
ADIPONECTIN
Adiponectin is secreted exclusively from adipose tissue and is an abundant plasma protein that is reduced with obesity (91) Structurally, adiponectin is related to the complement 1q family and contains a carboxyl-terminal globular domain and an amino-terminal collagenous domain (92) Adiponectin circulates in serum as a range of multimers from low molecular weight trimers to high molecular weight (HMW) dodecamers (93) Adiponectin has been shown to improve whole-body insulin sensitivity in models of genetic and diet-induced obesity (94) (95) (96) (97) (98) (99) In muscle cells in vitro improvements in insulin sensitivity by adiponectin are dependent on the activation of AMPK and a subsequent reduction in mTOR/S6 kinase activity which in turn results in a reduction of insulin receptor substrate 1 inhibitory serine phosphorylation (100) Adiponectin stimulates fatty acid oxidation and glucose uptake in skeletal muscle (101, 102) and adipose tissue (103) effects which are dependent on AMPK signaling. Purification and characterisation of adiponectin multimers from human plasma suggests that high molecular weight adiponectin is the most potent in stimulating AMPK activity, at least in C2C12 cells (104) Future studies are required to determine whether improvements in insulin sensitivity following adiponectin treatment in vivo are dependent on AMPK signalling in skeletal muscle.
The activation of AMPK signalling is dependent on signalling through the adiponectin receptor 1 (AdipoR1) while the adiponectin receptor 2 (AdipoR2) appears to be essential for regulating PPARα gene expression (105) Two reports (106, 107) in human skeletal muscle and a recent study in primary myotubes (108) suggest that skeletal muscle contains abundant levels of both AdipoR1 and AdipoR2 but that liver primarily expresses AdipoR2.
Adiponectin receptor signalling appears to be dependent on the adaptor protein containing pleckstrin homology domain, phosphotyrosine binding domain and leucine zipper motif (APPL1) however it is still unknown if AAPL1 regulates AMPK signalling and if so what mechanisms may be involved (109) Adiponectin activation of AMPK signalling is blunted in obesity (110, 111) , despite similar AdipoR1 and AdipoR2 expression, suggesting that defects in AAPL1, or other distal signaling events, may be important in this process.
An important role for adiponectin is the suppression of hepatic glucose output through activation of AMPK (112) Adenovirus expressing a dominant negative AMPK (101) or the knockout of the AMPK α2 subunit (43) results in increased hepatic glucose output and glucose intolerance, which can be suppressed by insulin, but no longer by adiponectin. In agreement with these findings, the deletion of the AdipoR1 receptor in liver using siRNA results in reduced AMPK and increased gluconeogenesis and glucose intolerance (113) Kubota and colleagues (114) have recently added an important new role of adiponectin in regulating appetite and energy expenditure by showing that adiponectin activates AMPK in the hypothalamus . They show that in the hypothalamus, AdipoR1 and AdipoR2 colocalize with the leptin receptor Ob-R and that cerebrospinal fluid (CSF) contains low levels of adiponectin that comes from the blood because intravenous injection of adiponectin raises CSF levels in adiponectin deficient (adipo-/-) mice. The form of adiponectin in the CSF is restricted to the trimer and hexamer forms and not the HMW form present in blood and this may be an important point of difference between a previous study which infused HMW recombinant adiponectin into the brain and found it induced weight loss and increased energy expenditure (115) Importantly, the effects of adiponectin to stimulate appetite and reduce energy expenditure were eliminated following the ablation of AdipoR1 (AdipoR1 siRNA) or AMPK signaling (AMPK DN) (114) Another critical finding was that leptin sensitivity is markedly increased adiponectin -/-mice leading to the proposal that the central actions of leptin and adiponectin function to provide a homeostatic mechanism to maintain fat levels/energy stores through the suppression or stimulation of appetite and energy expenditure.
Future challenges in the field will be to determine how and why leptin and adiponectin signalling which act very similarly in the periphery are such polar opposites centrally and to determine whether CNS adiponectin levels are reduced in human obesity or in response to fasting or with obesity (116)
TUMOUR NECROSIS FACTOR α (TNFα)
TNFα has been most strongly implicated in the pathogenesis of insulin resistance because its expression is correlated with reduced insulin-stimulated glucose disposal (117-120) Direct evidence supporting the role of TNFα in mediating insulin resistance comes from studies in humans demonstrating that acute infusion of TNFα inhibits insulin stimulated glucose disposal (121) while the genetic ablation of TNFα or TNFα signalling restores skeletal muscle insulin sensitivity in obese rodents (122) Although an early study reported that TNFα neutralization in a small cohort did not reverse insulin resistance in patients with established Type 2 diabetes (123) more extensive trials for the treatment of rheumatoid arthritis have demonstrated the efficacy of this treatment in improving insulin sensitivity (124) Since suppressed rates of fatty acid oxidation in skeletal muscle of obese humans (125) and rodents (126, 127) has in some, but not all (75), cases been associated with reduced AMPK activity we tested the hypothesis that this effect may be mediated via TNFα-induced inhibition of AMPK signalling.
Chronic TNFα treatment in muscle cells downregulated fatty acid oxidation and suppressed AMPK signalling via the induction of PP2C (128) In vivo reductions in AMPK Thr172 phosphorylation were associated with elevated PP2C expression, reduced ACC phosphorylation and suppressed rates of fatty acid oxidation in wild type mice treated with TNFα for 24 h; however, these effects were not observed in TNF receptor -/-mice. The suppressed AMPK signalling in wildtype mice treated with TNFα was also associated with intramuscular diacylglycerol accumulation, protein kinase C ε and θ activation and the development of skeletal muscle insulin resistance. Interestingly, when TNFα was neutralized in ob/ob mice, or when TNFα signalling was genetically ablated (ob/ob TNF receptor -/-mice), the reductions in AMPK activation were reversed. Thus, elevated levels of TNFα directly inhibit AMPK signalling through PP2C activation and this is an important contributing factor to the suppressed rates of fatty acid oxidation and the development of lipid induced insulin resistance. Confirmation of these effects in humans is required.
INTERLEUKIN (IL-6)
The gene encoding the interleukin-6 (IL-6) protein was originally sequenced more then 25 years ago and is the founding member of a "family" of cytokines whose membership is based not on sequence homology, but of a shared four helical bundle structure (129) and a shared subunit in their receptor complex, that being the transmembrane signal transduction protein gp130 (130) The IL-6 family also known as "gp130 cytokines" consists of IL-6, IL-11, leukemia inhibitory factor (LIF), oncostatin M (OsM), cardiotrophin 1 (CT-1), ciliary neurotrophic factor (CNTF) and cardiotrophin-like cytokine (CLC) (131) Although there is a degree of cross talk among the IL-6 family cytokines (132), the complex signal transduction cascade is not common to all gp130 cytokines. CNTF, CT-1 and CLC first bind to their specific α receptors which are not involved in signal transduction per se, but binding of the ligand to the specific receptor induces a heterodimer of the signal transducing β-receptors gp130 and LIF receptor (LIFR) to allow signal transduction. LIF and OSM directly induce a gp130/LIFR heterodimer, while IL-6 and IL-11 induce a gp130 homodimer after binding their specific α receptors IL-6Rα and IL-11Rα (132) The intricacies of these complicated ligand-receptor interactions are not within the scope of this review, although a pertinent observation is that like signaling through the long form leptin receptor, signaling through the gp130 receptor activates the Jak/Stat pathway.
Interleukin-6 is elevated in patients with obesity and metabolic syndrome and, as such, IL-6 is thought to play a negative role in metabolic processes (133) However, the discovery that IL-6 can be produced and released from skeletal muscle during exercise (134), led to renewed interest into the role of IL-6 in the aetiology of insulin resistance because insulin action is enhanced in the immediate post-exercise period (135) Presently, the role of IL-6 in insulin resistance is both unclear and the subject of intense debate. However, several studies (89, (136) (137) (138) have reported that IL-6 can increase skeletal muscle fatty acid oxidation, an effect that is associated with the activation of AMPK (139) Supporting these observations, IL-6 infusion in humans enhances the glucose rate of disappearance during a hyperinsulinemic-euglycaemic clamp, indicating that IL-6 enhances muscle glucose uptake (89) Recent studies in myotubes (89, 140) have found that the activation of AMPK by IL-6 is essential for increases in both fatty acid oxidation and glucose uptake. The mechanisms by which IL-6 increases AMPK and enhances insulin stimulated glucose uptake are presently not understood but will be critical for our understanding of IL-6 signalling in skeletal muscle.
CILIARY NEUROTROPHIC FACTOR (CNTF)
CNTF is a neurotrophic factor that was originally used as a therapeutic strategy to treat severe neurodegenerative disorders such as amyotrophic lateral sclerosis. Although not successful in slowing the progression of amyotrophic lateral sclerosis, CNTF was found to induce severe anorexia and weight loss in these clinical trials (141) While CNTF-induced weight loss was initially attributed to a cachectic response, subsequent studies in diet-induced (142) and genetic (ob/ob, MC4R -/-) obesity (143, 144) demonstrated that low doses of CNTF and the CNTF homologue, Axokine® (CNTF AX15 ), induced weight loss without causing the typical deleterious effects of other related cytokines. Indeed, recent clinical trials demonstrated the efficacy and safety of CNTF AX15 , as prolonged treatment in obese human subjects induced a modest decrease in body weight with minor adverse side effects (145) The weight loss effects of CNTF were initially attributed to reductions in food intake, mediated by hypothalamic STAT3 phosphorylation and hypothalamic neurogenesis (146, 147) , but since some effect of CNTF on weight loss is still present in calorically matched mice, we hypothesized that CNTF may have a potentially important role in skeletal muscle. We have recently demonstrated that CNTF increases AMPK activity in skeletal muscle by acutely decreasing the ATP:AMP ratio, resulting in increased fatty acid oxidation (77) The administration of CNTF, at doses demonstrated to induce weight loss, stimulated the expression of mitochondrial oxidative genes in skeletal muscle, which supports the concept that AMPK contributes to mitochondrial biogenesis. In addition, the stimulatory effect of CNTF on AMPK activation and fatty acid oxidation was associated with a reversal of insulin resistance induced by acute exposure to high fatty acid levels in rodents in vivo (148) and in vitro (77) Critically, these effects were not maintained when cells were infected with a dominant negative AMPK, demonstrating that AMPK signalling is essential for CNTF effects on skeletal muscle insulin sensitivity and fatty acid metabolism (77).
CNTF and leptin display similar expression patterns and signalling homology within hypothalamic regions involved in food intake (142, 149) The activation of the signal transducer and activator of transcription 3 (STAT3) within the arcuate nucleus by CNTF and leptin is associated with the suppression of orexigenic peptides such as NPY and AgRP that in turn leads to suppression of food intake through a diverse and multifaceted signaling cascade (For review see (150)) As discussed above, despite the pronounced effects of leptin on reducing food intake in a model of leptin deficiency (ob/ob mice), these effects are abrogated in diet-induced mice fed a high-fat diet (151) In contrast, the effect of CNTF on food intake persists in diet-induced obesity and in db/db mice, which lack a functional leptin receptor (143) and appear to be due to CNTF's capacity to reduce hypothalamic AMPK signaling (79) This effect was transient and is consistent with the short half-life (~45 min) of CNTF in circulation (152) These data demonstrate that an impairment of AMPK signalling by leptin contributes to diet induced leptin resistance and that CNTF bypasses dietinduced leptin resistance to reduce hypothalamic AMPK activity and food intake. The capacity of CNTF to bypass leptin resistance to reduce food intake via AMPK signalling highlights its potential role in the therapeutic treatment of human obesity.
RESISTIN
Resistin (or FIZZ3) is an adipocyte-derived secretory factor which was first identified as a novel transcript produced exclusively by adipocytes (153) Despite the significant interest generated by the discovery of resistin in 2001, very little is known about the intracellular signalling pathways by which resistin induces its metabolic effects. A consistent finding in vivo is that resistin suppresses liver and muscle AMPK signalling (154) (155) (156) an effect also observed in L6 muscle cells (157) The mechanisms mediating this inhibition of AMPK signalling are still unclear and it is unknown whether the effects observed in vivo are due to direct effects on AMPK signalling or may be mediated through indirect pathways One possibility may be that resistin induced increases in SOCS3 (158) may inhibit cytokine signalling through to AMPK but future studies are required to establish direct evidence identifying the mechanisms by which resistin suppresses AMPK signalling.
GHRELIN
The gut derived, appetite-stimulating peptide ghrelin, promotes food intake (159) and has been shown to increase AMPK activity in the hypothalamus (160) Ghrelin has differential effects on AMPK activity depending on the tissue studied with reports of ghrelin treatment suppressing AMPK activity in liver (161, 162) whilst activating AMPK activity in heart (161) Ghrelin appears to have no effect on skeletal muscle AMPK which may be related to the fact that ghrelin signalling is dependent on the G proteincoupled receptor (163) and therefore most likely CAMKK signalling, which as discussed previously may not be important for regulating AMPK activity in skeletal muscle.
SUMMARY AND PERSPECTIVE
Collectively, these studies demonstrate that cytokine regulation of whole body energy expenditure and food intake is dependent on the differential regulation of AMPK signalling in multiple tissues throughout the body (Table 1) These studies suggest that in obesity the combined effect of reduced adiponectin production (91) and sensitivity (110, 111) when compounded with leptin resistance (76) and increased circulating TNFα (128) and resistin (155) contribute to reduced AMPK signalling and fatty acid oxidation in obesity. Several important questions remain. One important question is while AMPK is indeed activated or inhibited by adipokines and that these adipokines in turn regulate insulin sensitivity it remains to be determined in genetic models of AMPK deficiency whether AMPK signalling is an absolute requirement for this effect. Other questions are related to the mechanism TNFα Acute (2-5 min) ↑ (7) Chronic ↓ Muscle (128) Acute ↑ TAK1 activity (7) Chronic ↑ PP2C expression (128) Chronic ↓ACC-P → ↓ FAOx ( by which AMPK is regulated because while the up regulation of PP2C is important for long-term TNFα-induced down-regulation of AMPK activity (76), changes in the cellular energy charge appear to underpin AMPK activation in several instances (61, 77, 101) ; however, the signalling events controlling these responses are not yet understood. Lastly, while our understanding of adipokine signalling to AMPK has been enhanced over the last decade, only a small number of adipokines have been studied with respect to AMPK regulation. In this regard, recent studies have identified a multitude of adipokines central to metabolic regulation, such as retinol binding protein-4, visfatin, adipsin and CC chemokine ligand 2 (monocyte chemoattractant protein-1); however, their role in AMPK regulation remains unresolved.
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